r Lung aeration at birth significantly increases pulmonary blood flow, which is unrelated to increased oxygenation or other spatial relationships that match ventilation to perfusion.
Introduction
Lung aeration and the displacement of airway liquid into the pulmonary interstitium at birth not only allows pulmonary gas exchange to commence, but also stimulates a large increase in pulmonary blood flow (PBF) (Rudolph, 1985; Hooper et al. 2007; Hooper et al. 2015) . During fetal life, gas exchange occurs across the placenta and PBF is low as a result of high pulmonary vascular resistance (PVR). As such, in the fetus, PBF contributes little to preload for the left ventricle, which is primarily derived from umbilical venous return, via the ductus venosus and foramen ovale (Rudolph, 1985; Crossley et al. 2009; Bhatt et al. 2013) . Following birth, umbilical venous return is lost with clamping of the umbilical cord and so PBF must rapidly increase to facilitate pulmonary gas exchange and supply preload for the left ventricle (Bhatt et al. 2013) . Although the increase in PBF underpins the transition to newborn life at birth, the precise mechanisms by which lung aeration triggers this process remain poorly understood.
Numerous factors, which include increased oxygenation and the release of vasodilators (e.g. nitric oxide), as well as mechanical factors, are considered to contribute to the increase in PBF at birth (Gao & Raj, 2010) . Increased oxygenation dilates pulmonary vessels through mediators such as nitric oxide, prostaglandin I 2 (prostacyclin), prostaglandin E 2 , bradykinin and purine nucleotides (Abman et al. 1990) . Similarly, an increase in lung recoil caused by air entry and the formation of surface tension at the air/liquid interface increases recruitment and expansion of peri-alveolar capillaries, leading to a decrease in PVR (Hooper, 1998) . Recent findings have identified an additional, previously unrecognized factor that contributes to the increase in PBF at birth (Lang et al. 2014; Lang et al. 2016) . Those studies showed that partial lung aeration without O 2 increased PBF equally in both aerated and non-aerated lung regions (Lang et al. 2016) . Although these findings are consistent with previous studies showing that ventilation can increase PBF in the absence of increased oxygenation (Teitel et al. 1990; Sobotka et al. 2011) , the large increase in PBF in unventilated regions was unexpected and could not be readily explained (Lang et al. 2014) .
The global increase in PBF following partial lung aeration indicates the possible role of a neural reflex at birth that is triggered by the entry of gas into the lungs. Intrathoracic vagal denervation, which selectively denervates the lungs, reduces respiratory function at birth and the increase in arterial oxygenation in newborn lambs (Wong et al. 1998; Lalani et al. 2002) . Although this was primarily assumed to result from respiratory failure (Wong et al. 1998; Lalani et al. 2002) , an impaired increase in PBF was raised as a possibility (Wong et al. 1998) , which is consistent with previous studies showing that vagal stimulation causes pulmonary vasodilatation in fetal sheep (Colebatch et al. 1965) . Although a reduction in PBF was later discounted (Hasan et al. 2000) , the effects of vagotomy on regional changes in pulmonary blood flow or ventilation/perfusion relationships have not been examined previously.
In the present study, we investigated the role of the vagus nerve in mediating the increase in PBF at birth using our unique technique of simultaneous phase contrast X-ray imaging and angiography in newborn rabbits. We hypothesized that vagotomy would disrupt vasodilatation in non-aerated lung regions following partial lung aeration, regardless of the O 2 content of the inspired gas.
Methods

Experimental procedures
All animal procedures were approved by a Monash University Animal Ethics Committee and the Japan Synchrotron Radiation Research Institute, SPring-8 Animal Experiment Committee. All studies were conducted in experimental hutch 3 of beamline 20B2, in the Biomedical Imaging Centre at the SPring-8 synchrotron, Japan.
Pregnant New Zealand white rabbits at 30 days of gestation (term ß32 days) were initially anaesthetized using propofol (I.V.; 12 mg kg -1 bolus; Rapinovet, Schering-Plough Animal Health, Tokyo, Japan) and intubated. Anaesthesia was then maintained by isoflurane inhalation (1.5-4%; Isoflu, Dainippon Sumitomo Pharma Co., Osaka, Japan). Doe wellbeing was monitored via an absence of withdrawal reflexes (corneal reflex and toe pinch reflex) measuring oxygenation and heart rate (using a pulse oximeter) and pupil diameter, with the isoflurane concentration adjusted accordingly. Fetal rabbits (n = 30) were partially delivered by Caesarean section, and sedated with sodium pentobarbitone (13 mg kg -1 I.P.; Somnopentyl, Kyoritsu Seiyaku Co., Ltd, Tokyo, Japan). Kitten wellbeing was monitored via an absence of withdrawal reflex (toe pinch), with additional sodium pentobarbitone given accordingly. Prior to delivery, kittens were randomly divided into either a sham operated, control group (C: n = 15) (Fig. 1) or into a group that underwent bilateral sectioning of the mid-cervical branches of the vagus nerve, above the cardiac and pulmonary vagus branches (V: n = 15) (Fig. 1) . A jugular vein catheter (24 G Intracath; Becton Dickinson, Franklin Lakes, NJ, USA) and an endotracheal (ET) tube (18 G Intracath; via tracheostomy) were also inserted. The tip of the ET tube was directed into one main bronchus under visual control, to ensure unilateral ventilation.
All surgical procedures on kittens were performed with the umbilical cord intact and while the head of the kitten remained covered with fetal membranes to prevent lung aeration. The kittens were then delivered, the ET tube obstructed to prevent breathing and the umbilical cord ligated before they were placed upright in a purpose built Perspex frame and positioned within the expected path of the X-ray beam. ECG leads were attached to the skin of the upper limb and both lower limbs and the ET tube was connected to a purpose-built, time-cycled, pressure-controlled ventilator (Kitchen et al. 2010) . Image acquisition began as soon as possible after the kittens were positioned, with ventilation beginning within 2-3 min of umbilical cord ligation. Kittens were initially ventilated for 2 min in either 100% N 2 (C-N 2 , V-N 2 ), 21% O 2 (C-air, V-air) or 100% O 2 (C-O 2 , V-O 2 ) (n = 5 in each treatment group) (Fig. 1) 
X-ray and angiography imaging
Imaging was achieved using monochromatic X-rays at 33.2 keV with a 1.0 m object-to-detector distance at a frame rate of 10 or 20 Hz during bolus iodine injections (Lang et al. 2014; Lang et al. 2016) . The scientific-CMOS detector (pco.edge; PCO AG, Kehlheim, Germany) was coupled to a 25 µm thick gadolinium oxysulphide (Gd 2 O 2 S:Tb + ) powdered phosphor and a tandem lens system that provided an effective pixel size of 15.3 µm and an active field of view of 29 × 30 mm 2 (width × height). Iodine boluses (Iomeron 350 mg/ml iodine; Bracco-Eisai Pty Ltd, Tokyo, Japan; 1.5 µL g -1 body weight at 11 ml s -1 ) were administered via the jugular vein using a remote-controlled syringe pump (PHD2000; Harvard Apparatus Inc., Cambridge, MA, USA).
Image analysis
Images were analysed using ImageJ, version 1.50b (NIH, Bethesda, MD, USA) as described previously (Lang et al. 2016) . During the four measurement periods, we analysed the number of visible pulmonary vessels, vessel diameters, heart rate, pulmonary transit time and change in mean grey level profiles over time within the left and right main axial arteries (to give relative PBF) following iodine injection.
Vessel quantification. Visible pulmonary vessel branch points at peak opacification during each iodine bolus were counted as individual vessels and were visible up to the third order of branching.
Main axial artery vessel diameter. Changes in pixel grey level (intensity) along virtual lines transecting vessels perpendicular to a vessel wall were used to measure vessel internal diameter. Line profiles were drawn over the left and right main axial arteries (taken mid-lung at the seventh intercostal space) to measure changes in internal diameter from the baseline pre-ventilation period (Lang et al. 2014; Lang et al. 2016) . To correct for background intensity variations during iodine perfusion, line profiles were divided by the average background intensity averaged over the 10 frames (1 s) immediately prior to the first appearance of iodine within the vessel. Internal vessel edges were determined as the first pixel to drop below 1 SD of the mean intensity of the background at either end of the line profile (ß5 pixels past the vessel edge). Vessel diameters measured in pixels from each frame were averaged over five frames (0.5 s) and then multiplied by the known pixel size (15.3 µm) to estimate a mean vessel internal diameter.
Pulmonary arterial transit time. A virtual box was placed over the distal end of the left and right main axial arteries before first-order branching (taken at the level of the eighth intercostal space for consistency). The mean intensity of J Physiol 595.5 this region was calculated for each frame. Bolus arrival time was designated as the frame in which half of the peak opacity (maximum percentage change from background) is reached for the first time (half-peak opacity); this corrects for problems as a result of steady-state peak opacity values in cases of poor washout (Shpilfoygel et al. 2000) . The elapsed time between the half-peak opacity value in the main pulmonary artery compared to the left and right axial arteries (at the eighth intercostal space) was calculated to give an approximation of bolus transit time through the pulmonary artery.
Relative measures of pulmonary blood flow. A virtual box was placed over the left and right main axial arteries at the level of the seventh intercostal space, which provided a centrally-located, clear and unobstructed view of the large conduit arteries during both the pre-ventilation and ventilation imaging time periods. The changes in mean intensity within each box were plotted against time as a percentage change from background levels (mean background intensity averaged over 10 frames before iodine injection) throughout each iodine injection sequence. The maximum of this time-opacity curve was then divided by the pulmonary arterial transit time to provide an indicator of changes in pulmonary arterial flow in both lungs; this value was termed the relative PBF index.
Statistical analysis
Kitten weights were compared between groups using one-way ANOVA (Prism, version 6.0; GraphPad Software, Inc., La Jolla, CA, USA). Changes in visible vessel number, blood vessel internal diameter, heart rate, pulmonary arterial transit time and opacity of blood vessels were compared over time and between groups using a two-way ANOVA with repeated measures. Post hoc analysis used the Holm-Sidak method. P < 0.05 was considered statistically significant.
Results
Animal data
The mean ± SEM kitten weight was 42.1 ± 2.5 g, although the kittens in the vagotomized group ventilated with air (V-air) were significantly lighter (33.8 ± 3.2 g) than the other groups (44.8 ± 2.2 g), which were all similar. The majority of kittens were ventilated with the right lung first (n = 28), although two were ventilated with the left lung first, both in the V-air group.
Observations from phase contrast X-ray videos
Overall, vagotomized kittens appeared to have a less profound increase in PBF following partial lung aeration compared to control kittens (Lang et al. 2014; Lang et al. 2016) . This was most evident in the V-N 2 and V-air group (see Supporting information, Supplementary Videos 1 and 2, respectively), with the V-O 2 group still displaying an increase in iodine flow in the axial arteries of both the ventilated first (A 1 ) and unaerated (UA 2 ) lungs compared to the pre-ventilation period (NV) (see Supporting information, Supplementary Video 3) (Fig. 2) .
Pulmonary blood vessel recruitment
In control kittens, ULV significantly increased the total number of visible vessels in both the A 1 and UA 2 lungs of all kittens, irrespective of the oxygen content of the gas used (Fig. 3) . Similarly, ULV of vagotomized kittens increased the total number of visible vessels in both the A 1 and UA 2 lungs of the V-air and V-O 2 groups (Fig. 3) , increasing from 13 ± 5 and 13 ± 4 visible vessels to 32 ± 4 and 35 ± 8 vessels in the A 1 and UA 2 lungs, respectively, in the V-air group and from 19 ± 7 and 22 ± 7 vessels to 50 ± 7 and 50 ± 9 vessels in the A 1 and UA 2 lungs, respectively, in the V-O 2 group; the increase in the V-O 2 group was higher than both other vagotomized groups, although not significantly so. However, in the V-N 2 group, although the number of visible vessels tended to increase in response to ULV with 100% nitrogen (ULV N2 ), the increase was only reached statistical significance once ULV commenced with air (ULV air ); at that time, it was significant for both the A 1 and UA 2 lungs compared to the NV time point (Fig. 3) . Compared to control kittens, vagotomy significantly reduced the number of visible vessels (Fig. 3 ) in both lungs of kittens initially ventilated with 100% oxygen throughout the experimental period (P < 0.05; asterisks in Fig. 3, lower) , except in the UA 2 lung, during initial ventilation with 100% oxygen. This difference between control and vagotomized kittens persisted in both the A 1 (C: 86 ± 10 vessels; V: 64 ± 7 vessels) and A 2 (C: 85 ± 10 vessels; V: 64 ± 9 vessels) lungs during bilateral ventilation in air (BLV air ).
Heart rate
In control kittens, the initial ULV period significantly increased heart rates, irrespective of the oxygen content of the gas used (Fig. 4) , increasing from 56 ± 5, 69 ± 5 and 47 ± 3 to 90 ± 13, 93 ± 15 and 73 ± 10 beats min -1 in the C-N 2 , C-air and C-O 2 groups, respectively. However, in vagotomized animals, only ULV with air and 100% oxygen significantly increased heart rates during the initial ULV period; heart rates increased from 60 ± 6 and 67.5 ± 5 beats min -1 to 79 ± 10 and 109 ± 9 beats min -1 in V-air and V-O 2 groups, respectively. In V-N 2 kittens, ULV with 100% N 2 did not significantly increase heart rate; heart rates were 55 ± 6 beats min -1 before and 53 ± 9 beats min -1 after ULV with 100% N 2 . In V-N 2 kittens, heart rate did not increase significantly until period, during the subsequent unilateral ventilation period with air (ULV air ) and during bilateral ventilation with air (BLV air ). Lungs are either unaerated (UA) or aerated (A) and ventilated first (UA 1 and A 1 ) or second (UA 2 and A 2 ). a, P < 0.05 compared to the same lung at NV. b, P < 0.05 compared to the same lung at ULV gas . c, P < 0.05 compared to the same lung at ULV air . * P < 0.05 control compared to vagotomy within the same lung during the same ventilation period.
after ULV had commenced with air, increasing from 53 ± 9 beats min -1 (ULV N2 ) to 75 ± 9 beats min -1 (ULV air ) and then to 125.2 ± 18.0 beats min -1 following bilateral ventilation with air (BLV air ) (Fig. 4) . In V-air kittens, the heart rate increased from 63 ± 5 beats min -1 to 93 ± 16 beats min -1 during ULV and then increased further to 121 ± 9 beats min -1 during BLV air . Unexpectedly, in kittens initially ventilated with 100% O 2 , vagotomy significantly increased heart rate compared to control (C-O 2 ) kittens and the difference continued throughout all ventilation periods, remaining higher even after BLV with air (BLV air ; V-O 2 , 137 ± 7 beats min -1 vs. C-O 2 116 ± 10 beats min -1 ).
Arterial vessel internal diameter
Compared with control kittens, vagotomy had a marked effect on vessel internal diameter in the axial arteries, resulting in a reduction in vessel internal diameter at all measurement times, even before lung aeration (Fig. 5) . In control kittens, the initial ULV increased vessel internal diameter in the axial arteries of both the aerated (A 1 ) and unaerated (UA 2 ) lungs irrespective of the oxygen content of the ventilation gas. In control C-N 2 kittens, vessel internal diameters increased from 505 ± 39 and 505 ± 49 µm to 581 ± 40 and 585 ± 58 µm in response to ULV N2 in the A 1 and the UA 2 lungs, respectively. In vagotomized kittens, ULV significantly increased vessel internal diameter in the axial arteries of both the A 1 and UA 2 lungs of the V-air and V-O 2 groups only. The vessel internal diameters increased from 437 ± 14 and 414 ± 14 µm to 485 ± 17 and 452 ± 24 µm in the A 1 and UA 2 lungs, respectively, of the V-air group and from 400 ± 18 and 404 ± 13 µm to 468 ± 19 and 439 ± 23 µm in the A 1 and UA 2 lungs, respectively, of the V-O 2 group (Fig. 5) . In contrast, ULV in the V-N 2 group failed to increase vessel internal diameters, which were similar in both axial arteries before (441 ± 11 and 412 ± 12 µm) and after (464 ± 12 and 437 ± 14 µm) ULV onset with 100% N 2 . In both control and vagotomized kittens, there were only minor increases in internal diameter in all groups following ULV in air and bilateral ventilation in air, although internal diameters remained lower in vagotomized kittens than in control kittens at all timepoints in all ventilation groups (Fig. 5) .
Iodine bolus transit time
Pulmonary arterial transit times (defined as the time for an iodine bolus to progress from the main pulmonary artery to the end of the axial arteries) decreased following ULV in both control and vagotomized kittens initially ventilated in either 100% N 2 or 100% O 2 (Fig. 6) . No difference was observed between control and vagotomized kittens, except in the kittens ventilated in air. Transit times were significantly longer prior to ventilation in vagotomized kittens initially ventilated in air (3.4 ± 0.8 and 4.0 ± 1.7 s in UA 1 and UA 2 , respectively) compared to control kittens (1.8 ± 0.4 and 1.3 ± 0.4 s in UA 1 and UA 2 , respectively). This difference persisted after the first period of ULV with air, although it was not significant during the second ULV period with air and during the BLV period.
Relative PBF index
Vagotomy significantly reduced the increase in relative PBF in the aerated lung of kittens ventilated with 100% N 2 , and period, during the subsequent unilateral ventilation period with air (ULV air ) and during bilateral ventilation with air (BLV air ). a, P < 0.05 compared to the same lung at NV. b, P < 0.05 compared to the same lung at ULV gas . * P < 0.05 control compared to vagotomy within the same lung during the same ventilation period. period, during the subsequent unilateral ventilation period with air (ULV air ) and during bilateral ventilation with air (BLV air ). Lungs are either unaerated (UA) or aerated (A) and ventilated first (UA 1 and A 1 ) or second (UA 2 and A 2 ). a, P < 0.05 compared to the same lung at NV. b, P < 0.05 compared to the same lung at ULV gas . * P < 0.05 control compared to vagotomy within the same lung during the same ventilation period. both aerated and non-aerated lungs in kittens ventilated with air during the initial ULV period (Fig. 7) . For example, in V-air kittens, relative PBF was similar in the A 1 and UA 2 lungs before (3.6 ± 1.1 and 5.2 ± 2.2% change s -1 , respectively) and after (11.8 ± 3.7 and 15.8 ± 7.1% change s -1 , respectively) ULV. By contrast, in C-air kittens relative PBF increased in the A 1 and UA 2 lungs from 6.9 ± 2.5 and 13.8 ± 6.2% change s -1 before ULV onset to 61.1 ± 22.1 and 78.0 ± 32.0% change s -1 , respectively, after ULV onset.
Furthermore, kittens initially ventilated with air also had lower relative PBF in both the A 1 and UA 2 lungs during the second ULV period. The increase in relative PBF following initial ULV was similar between groups in kittens ventilated with 100% O 2 except at BLV air , in which all control groups were significantly higher than their respective vagotomy groups. (Fig. 7) .
Discussion
The increase in PBF at birth plays a critical role in the adaptation to newborn life and is considered to be mediated by numerous mechanical and vasoactive factors, particularly an increase in oxygenation (Gao & Raj, 2010) . However, recent studies have demonstrated that the increase in PBF is not spatially related to lung aeration because partial lung aeration leads to a global increase in PBF and is not dependent on increased oxygenation (Sobotka et al. 2011; Lang et al. 2016) . Previous studies have indicated that vagal stimulation may induce pulmonary vasodilatation at birth (Colebatch et al. 1965) and is required for the establishment of neonatal respiratory function (Wong et al. 1998; Lalani et al. 2002) . The results of the present study support the suggestion that signalling via the vagus plays a key role in stimulating the global increase in PBF at birth induced by lung aeration. We found that vagotomy inhibits the increase in PBF induced by lung aeration (Figs 2  and 7 ), although ventilation with high oxygen levels can partially mitigate this inhibitory effect of vagotomy. Although the mechanism by which the vagus mediates pulmonary vasodilatation in response to lung aeration is unclear, it is possible that the clearance of airway liquid into peri-alveolar interstitial tissue (Bland et al. 1980; Miserocchi et al. 1994) activates receptors, which signal via the vagus nerve. Nevertheless, the finding that ventilation with 100% O 2 can partially mitigate the effect of vagotomy indicates that O 2 may act separately through an independent mechanism to increase PBF.
Recent studies have clearly demonstrated that partial lung aeration leads to a global increase in PBF, increasing equally in both aerated and unaerated lung regions (Lang et al. 2014; Lang et al. 2016) . These findings are consistent with previous studies showing that ventilation of one lung increases vascular conductance in the other unventilated lung (Cassin et al. 1964) . Although oxygen can enhance the increase in PBF in aerated lung regions, the increase in PBF in unaerated regions is independent of oxygen levels and even occurs in response to ventilation with 100% N 2 (Lang et al. 2016) . We have now confirmed and extended these findings, showing that ventilation with 100% N 2 increases blood flow in the aerated and unaerated lungs, of control kittens, whereas vagotomy greatly reduces the ability of both air and 100% N 2 to vasodilate the pulmonary arteries and stimulate a global increase in PBF. This finding is consistent with our hypothesis that a neural reflex, which is activated by lung aeration and incorporates afferent signalling via the vagus nerve, is largely responsible for the global increase in PBF at birth. The finding that ventilation with 100% oxygen was able to reverse the inhibitory effect of vagotomy is consistent with our previous suggestion that oxygen acts through an independent mechanism to stimulate PBF and enhance the effect of lung aeration (Lang et al. 2016) .
Airway liquid clearance at birth leads to liquid accumulation in the pulmonary interstitial tissue, forming perivascular fluid cuffs that are similar to those that occur in the adult lung during pulmonary edema (Bland et al. 1980) . Juxtacapillary (J) receptors located along pulmonary blood vessels are known to be activated in response to pulmonary congestion and they signal via afferent C-fibres located within the vagus nerve to stimulate tachypnoea (Paintal, 1969) . We have previously proposed that the movement of airway liquid into the interstitial tissue following ventilation onset essentially causes pulmonary oedema (Lang et al. 2014; Lang et al. 2016) , which activates J receptors and stimulates a global increase in PBF irrespective of the oxygen content of the gas. As such, in the present study, we hypothesized that sectioning the vagus nerve would prevent afferent signalling from the J receptors (Paintal, 1969) and inhibit the increase in PBF induced by partial lung aeration. Recent studies have shown that pulmonary C-fibre activation can dilate arterioles in skeletal muscle (Roberts et al. 2015) . As such, it is possible that reflex C-fibre mediated arteriolar dilatation may not be limited to skeletal muscle and may extend to other vascular beds, such as the lung. Although our findings are largely consistent with this hypothesis, we discerned several disparities. One was the observation that bradycardia was not evoked with initiation of ventilation (Fig. 4) , which may be related to the fact that heart rate is already reduced during the birth transition. Additionally, vagotomy significantly reduced arterial vessel internal diameters in the lung even before ventilation commenced (Fig. 5) . Indeed, the reduction in vessel diameter caused by vagotomy was 50-100 µm (10-20% lower than controls), which must markedly increase PVR because resistance is inversely proportional to the fourth power of the vessel radius. The mechanism by which vagotomy reduces vessel diameter is unknown, although it is possible that low level afferent signalling helps to modulate PVR in the fetus. Single lung ventilation was confirmed using our established technique of phase contrast X-ray imaging, showing a distinctive speckle pattern that is limited to aerated regions of the lungs (Kitchen et al. 2004) . We have now confirmed these findings in three separate studies (Lang et al. 2014; Lang et al. 2016) and shown that the effect of partial lung aeration is greatly diminished by vagotomy except when ventilation occurs with 100% O 2 . Although the kittens experienced a delay between umbilical cord ligation and the onset of imaging (2-3 min), as a result of radiation safety procedures, all kittens experienced the same delay and so any differences were unlikely to be caused by the resulting partial asphyxia. The finding that PBF increases and pulmonary artery vessel dilatation occurs in both aerated and unaerated regions clearly indicates that the vessel dilatation and increase in PBF is not spatially related to lung aeration. However, it is not clear whether the volume of airway liquid accumulated in the interstitial space determines the degree of PBF increase as a result of differential neural activation. Indeed, an experimental approach that examines this possible relationship and more directly implicates pulmonary C-fibre afferents is required.
The increase in heart rate in response to ULV with 100% N 2 (Fig. 4) is a phenomenon that we have reported previously and is probably a result of the lung aeration-induced increase in PBF, which increases ventricular preload (Lang et al. 2016) . In the fetus, because PBF is low, umbilical venous return, which passes via the ductus venosus and foramen ovale to enter the left atrium, provides the vast majority of the preload for the left ventricle. Thus, if the umbilical cord is clamped before the lungs have had an opportunity to aerate, preload for the left ventricle is greatly diminished and cardiac output is greatly reduced (Crossley et al. 2009; Bhatt et al. 2013) . This would contribute to the low PBF as observed in the NV period (Fig. 2) , with cardiac output remaining reduced until the lungs aerate and PBF increases to restore preload and replace the venous return lost upon cord clamping. As such, by increasing PBF, ULV with 100% N 2 is considered to increase cardiac output, which is reflected by an increase in heart rate, restoring left ventricular preload lost by umbilical cord clamping.
We expected vagotomy to increase heart rate due to removal of the suppressive effects of parasympathetic tone on pacemaker activity in the sino-atrial node. However, we found that, before ventilation onset, heart rate was not increased in vagotomized compared to control kittens except in those destined to be ventilated with 100% O 2 . It is unclear why an increase in heart rate was detected in this group but not in the other two, although it is probably not an oxygen-mediated effect because this difference was detected before ventilation commenced. In any event, the finding that vagotomy blocked the increase in heart rate induced by ULV with 100% N 2 supports our contention that this increase in heart rate is the result of an increase in PBF because the latter was also inhibited. Although previous studies indicate that direct stimulation of C-fibres (with capsaicin) induces a bradycardia (Coleridge et al. 1992; Deep et al. 2001 ), we did not observe a similar response during the birth transition, which is possibly a result of competing factors. For example, heart rate was already depressed during the NV period (Fig. 4) , which may mask changes resulting from the initiation of ventilation. On the other hand, an increase in venous return and left ventricular preload likely contributes to an increase in heart rate and cardiac output, which would oppose induced bradycardia. Interestingly, this effect of vagotomy on the ULV-induced increase in heart rate was not apparent in V-air and V-O 2 kittens and, in addition, the induced increase was greatest in V-O 2 kittens, suggesting that the increase in heart rate results from an increase in both oxygenation and PBF.
Although vagal C-fibre stimulation may form the afferent pathway for the ULV-induced global increase in PBF, the efferent side of the pathway remains unknown. It is possible that the efferent side of the pathway involves an increase in sympathetic or parasympathetic activation, or a combination of the two. Sympathetic activation could partly explain our observations due to its mediation of adult pulmonary vasodilatation (Sylvester et al. 2012) . Although the sympathetic nerves contribute to the high vascular tone in the fetus (Nuwayhid et al. 1975) , it was reported previously that noradrenaline can act as a vasoconstrictor during low pulmonary vascular tone but as a vasodilator when vascular tone is enhanced (Silove et al. 1968) . Although the influence of autonomic stimulation on the pulmonary vasculature has been investigated previously, the effect on the perinatal circulation remains largely unknown.
The cardiopulmonary transition at birth is a complex process that is triggered by birth related events such as occlusion of the umbilical cord and the entry of air into the lungs, which is known to trigger both mechanical (Hooper, 1998) and vasoactive stimuli to decrease PVR (Teitel et al. 1990; Bhatt et al. 2013) . However, we show that a global decrease in PVR in response to partial lung aeration can be inhibited with ligation of the vagus nerve, suggesting that an underlying neural reflex triggered by lung aeration may exist. This response is independent of the O 2 content of the inspired gas and, although it leads to a high risk of ventilation/perfusion mismatching in the lung at birth, we have previously argued that this response is probably highly advantageous and not adverse for the individual (Lang et al. 2014; Lang et al. 2016) . Indeed, as PBF takes over the role of providing preload for the left ventricle when the cord is clamped at birth, having a high PBF, irrespective of how much of the lung has aerated, is much more important. This is because an increase and redistribution of cardiac output to increase blood flow and maintain oxygen delivery to vital organs is the primary defence mechanism against hypoxia in the fetus and newborn. With incomplete aeration of the lungs being inevitable at birth, these findings indicate that a vagal reflex exists to stimulate PBF at birth regardless of aeration, facilitating the transition into newborn life.
Translational perspective
Regionalized inhomogeneous aeration of the lung is common in newborn infants, particularly very preterm infants during the onset of air breathing. Our studies demonstrate that partial lung aeration leads to a global increase in pulmonary blood flow (PBF), leading to a potential mismatch between pulmonary ventilation and perfusion (Lang et al. 2014; Lang et al. 2016) . The underlying mechanisms that initiate a global increase in PBF with only partial aeration are largely independent of oxygenation (Lang et al. 2016) and involve neural signalling via the vagus nerve. Although an increase in perfusion to poorly aerated lung regions at birth may appear to be a disadvantage, we suggest that this offers a major adaptive advantage. Indeed, maintaining or increasing cardiac output is vital for avoiding ischaemia contributing to any hypoxic event that may occur at birth; therefore, increasing PBF is critically important to provide preload for the left ventricle and maintain cardiac output that is lost following umbilical cord occlusion. As such, restricting the increase in PBF as a consequence of partial lung aeration would restrict cardiac output after birth.
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Supplementary Video 1 Simultaneous phase contrast X-ray and angiography recordings in a newborn rabbit (30 days of gestation) imaged with the lungs liquid-filled and non-aerated, and then with only the right lung ventilated with 100% N 2 (ß30 s post-ventilation) immediately following birth. Blood vessels are visualized via infusion of iodinated contrast agent; non-aerated regions of the lung are clearly evident as indicated by the absence of speckle pattern. The data were acquired at 20 frames s -1 with a pixel size of 14.28 µm. Supplementary Video 2 Simultaneous phase contrast X-ray and angiography recordings in a newborn rabbit (30 days of gestation) imaged with the lungs liquid-filled and non-aerated, and then with only the left lung ventilated with air (21% O 2 ) (ß30 s post-ventilation) immediately following birth when the right lung was non-aerated and liquid-filled. Blood vessels are visualized via infusion of iodinated contrast agent; non-aerated regions of the lung are clearly evident as indicated by the absence of speckle pattern. The data were acquired at 10 frames s -1 with a pixel size of 15.3 µm. Supplementary Video 3 Simultaneous phase contrast X-ray and angiography recordings in a newborn rabbit (30 days of gestation) imaged with the lungs liquid-filled and non-aerated, then with only the right lung ventilated with 100% O 2 (ß30 s post-ventilation) immediately following birth when the left lung was non-aerated and liquid-filled. Blood vessels are visualized via infusion of iodinated contrast agent; non-aerated regions of the lung are clearly evident as indicated by the absence of speckle pattern. The data were acquired at 20 frames s -1 with a pixel size of 14.28 µm.
